Introduction
============

Dengue is a zoonotic mosquito-borne disease endemic in most countries in the Southeast Asia (SEA), Latin America and the island nations of the Pacific [@B1]-[@B3]. World Health Organization (WHO) estimated that dengue is now present in over 125 countries with over 3.0 billion people at risk of getting infected and over 50-100 million new dengue cases are reported annually [@B4], [@B5]. Dengue could present as mild dengue fever (DF) to severe dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS) [@B6]. In severe dengue, patients normally present with evidence of vascular plasma leakage which include raise in the hematocrit and present with ascites and pleural effusion [@B7]. Increase in the microvascular permeability is a possible mechanism contributing to the plasma leakage [@B8], [@B9]. And this could be contributed by immune responses mount in response to the infection or as a result of direct infection of the endothelium [@B10]-[@B12]. Evidences suggesting the later have been reported in patients\' autopsy materials and in animal models [@B13]-[@B17]. A number of cytokines and chemokines either secreted by the immune cells in response to the infection or by the infected endothelial cells (ECs) have also been identified [@B11], [@B12], [@B18]-[@B20]. It is suggested that these cytokines and chemokines act on the ECs affecting the gap junction resulting in transient increase in the endothelium permeability.

In addition, the potential involvement of DENV induced apoptosis has also been proposed to accommodate the finding that no gross morphological changes is seen in the endothelium of autopsy materials of patients who succumbed to DHF/DSS [@B11], [@B12], [@B21]. Currently, there is as yet only limited evidence to support induction of apoptosis in DENV infection of the relevant human ECs as the mechanism that triggers endothelium permeability. Alternatively, a recent study showed that the presence of senescing ECs alters the permeability of young ECs monolayer [@B22]. In relation, a number of earlier studies also showed induction of cell maturation following DENV infection [@B13], [@B23], [@B24]. Here we used the well-established ECs model culture system, human umbilical vein endothelial cells (HUVECs), to determine if DENV can productively infect senescing ECs and if the infection induces ECs senescence.

Methods
=======

Cell cultures
-------------

Aedes albopictus mosquito cell line (C6/36) maintained in the Department of Medical Microbiology, Faculty of Medicine, University of Malaya were used. Cells were maintained in Eagle\'s minimum essential medium (EMEM) (supplemented with 1% 10 mM non-essential amino acid and 1% 10 mM L-glutamine) with 10% heat-inactivated fetal bovine serum (FBS) (Hyclone, Thermo Fisher Scientific, USA) at 28ºC in 3% CO~2~.

HUVECs (ScienCell Research Laboratories, USA) were serially passaged in endothelial cell medium (ECM) (supplemented with 1% endothelial cell growth supplement and 1% 10, 000 U/ml/10, 000 µg/ml penicillin/streptomycin) with 5% FBS (ScienCell Research Laboratories, USA) at 37ºC in a humidified incubator with 5% CO~2~ until they reached replicative senescence as previously described [@B25]. At each passage, HUVECs were staged using senescence-associated (SA)-β-galactosidase (β-gal) staining and cell cycle analysis.

DENV infection of HUVECs
------------------------

HUVECs at young, intermediate young, early senescent and late senescent were seeded into 24-well cell culture plates (Falcon, BD Biosciences, USA) at a density of 5 x 10^4^ cells/well. The following day, the cell culture medium was removed and passage 3 clinical isolate of DENV type-2 (DENV-2) strain MY91-99133 (Department of Medical Microbiology, University Malaya Medical Centre Virology repository) was added to give an estimated multiplicity of infection (MOI) of 10 per cell. Cells were incubated with the inoculum for 1 hour at room temperature with constant gentle agitation to allow virus adsorption. After an hour, the inoculum was removed and fresh ECM with 2% FBS was added. Cells were cultured for 7 days at 37ºC in a humidified incubator with 5% CO~2~. The cell culture supernatant was centrifuged and used for virus infectivity or replication assay by focus-forming assay and quantitative real-time (RT)-polymerase chain reaction (PCR). The remaining cell monolayers were trypsinized and stained for β-gal staining and cell cycle analysis.

Focus-forming assay
-------------------

Focus-forming assay was performed to titrate DENV-2 using the C6/36 cells as previously described by Okuno*et al.* [@B26] and Zandi *et al.* [@B27].

Quantitative RT-PCR
-------------------

Quantitative RT-PCR amplification was performed to quantitate DENV-2 genomic RNA copy number using a customized one-step TaqMan real-time RT-PCR (Applied Biosystems, USA) following the manufacturer\'s recommended protocol.

SA-β-gal staining
-----------------

*In situ* staining for SA-β-gal was performed following the manufacturer\'s recommended protocol (Cell Signaling Technology, USA). Stained cells were viewed and counted at 80x magnification under brightfield using a stereomicroscope (Nikon, Japan). The proportion of SA-β-gal positive cells which stained as blue-turquoise precipitate in cells was calculated by dividing with the total number of cells counted per microscopic field. At least 10 microscopic fields were used per datum point.

Cell cycle analysis
-------------------

Cell cycle analysis was performed by measuring the DNA content using the CycleTEST™ Plus DNA reagent kit (BD Biosciences, USA) following the manufacturer\'s recommended protocol. The DNA content of 15, 000 cells were measured with fluorescence-activated cell sorting (FACS) CANTO™ II flow cytometer (BD Biosciences, USA). All measurements were performed under identical instrument settings. The relative percentages of cells in G0/G1, S and G2/M population of the cell cycle were estimated from the propidium iodide (PI) histograms and analyzed using the MODFIT software (BD Biosciences, USA). Cells arrested in the G2/M phase were identified by the 4N DNA content peak which could also reflect the accumulation of cells in the G1 phase following polyploidization [@B28].

Real time growth kinetic analysis
---------------------------------

Real time growth kinetics of HUVECs following DENV infection was monitored using the impedance-based Real-Time Cell Analysis (RTCA) system (ACEA Biosciences, USA). A method modified from Lee *et al.* [@B29] was used. Briefly, ECM with 2% FBS was added to 96-well E-plate (ACEA Biosciences, USA) and used as the background reading. HUVECs at young, intermediate young and early senescent were seeded into each well at a density of 5 x 10^3^ cells/well. Cells proliferation and morphological changes were continuously monitored and recorded at every 5 minutes intervals. When the cell culture entered logarithmic growth phase, the culture medium was removed and DENV-2 inoculum was added. Cells were infected for 1 hour, removed and ECM was added. Cells were continuously monitored at every 5 minutes intervals for up to 120 hours. Cell growth impedance readings were expressed as cell index [@B30]. Growth curves were normalized to the cell index obtained at the last measured time point before infection.

Statistical analysis
--------------------

The data for focus-forming assay, quantitative RT-PCR, SA-β-gal staining and real time growth kinetic analysis were expressed as median (25% and 75% quartile) from four independent experiments, mean ± S.D. from two independent experiments, mean ± standard deviation (S.D.) with 95% confidence interval (95% CI) from two independent experiments and mean ± S.D. from two independent experiments, respectively. This data were subjected to one-way analysis of variance (ANOVA) and Bonferroni\'s multiple comparison test. *p* \< 0.05 was taken as statistically significant. For data obtained from cell cycle analysis, we used two-way ANOVA and Bonferroni\'s posttest. This data were expressed as mean ± S.D. from two independent experiments. Statistical significance was taken when *p* \< 0.05. All statistical analyses were done using GraphPad Prism 4.0 Software (USA).

Results and Discussion
======================

The pathogenesis of DHF/DSS in dengue disease is still not well understood. Increased in the vascular permeability resulting in plasma leakage has been suggested as possible mechanisms contributing to DHF/DSS. Since ECs dysfunction leads to increase in vascular permeability, many earlier studies have used the *in vitro*cultured ECs as a model cell culture system for the study of the effects and permissiveness of dengue virus infection [@B8], [@B18], [@B19], [@B31]-[@B35]. A recent study exhibited that the presence of senescing ECs resulted in decreased endothelial barrier function of the non-senescent monolayer ECs [@B22]. Here we used the similar well-established model to first examine if DENV can productively infect senescing ECs and secondly to determine if the infection induces ECs senescence.

Continuous serial passaging of HUVECs led to exhaustion of their proliferative capacity. Young HUVECs \[6-7 passages and \~5-10 population doublings (PD)\] usually reached monolayer within 3 days when maintained in 75 cm^2^ cell culture flask. At this stage less than 10% cells stained positive for SA-β-gal (Fig. [1](#F1){ref-type="fig"}A: top left panel; Fig. [1](#F1){ref-type="fig"}C). The SA-β-gal activity has been extensively used as a biomarker for staging senescence [@B36]. These percentages gradually increase for intermediate young (16-17 passages and \~33-36 PD; 13.60 ± 4.31%), early senescent (24-25 passages and \~45-48 PD; 49.12 ± 9.53%) and late senescent HUVECs (26 passages onwards and about 49-50 PD; 78.25 ± 5.94%) (Fig. [1](#F1){ref-type="fig"}A: second, third and bottom left panel; Fig. [1](#F1){ref-type="fig"}C). The final senescent stage was characterized by irreversible growth arrest, morphologically enlarged cells and increased in the nuclei size. At this stage more than 75% cells stained positive for SA-β-gal (Fig. [1](#F1){ref-type="fig"}A: bottom left panel; Fig. [1](#F1){ref-type="fig"}C) and more than 90% cells were at the G2/M phase or 4N DNA content stage (Fig. [1](#F1){ref-type="fig"}B: bottom left panel) [@B28], [@B36]. There was a direct correlation between the number of cells expressing SA-β-gal activity, cells arrested in G2/M phase and the HUVECs passage number. The percentages of cells at G0/G1, S and G2/M phases of the cell cycle staining was determined to further verify results obtained using the SA-β-gal staining.

In the present study, DENV-2 infectivity or replication in HUVECs, at each passage number was determined by focus-forming assay and quantitative RT-PCR. Focus-forming assay showed that DENV titer of 550.00 (450.00, 850.00) ffu ml^-1^ was obtained for infection of young HUVECs (Table [1](#T1){ref-type="table"}). A titer of 250.00 (150.00, 600.00) ffu ml^-1^ and 35 (10.00, 77.50) ffu ml^-1^ were obtained for infection of intermediate young and early senescent HUVECs, respectively. No infectivity was recovered from infection of late senescent HUVECs. Mock-infected HUVECs were used as control and no virus foci were recovered. Quantitative RT-PCR amplification showed that the amount of extracellular dengue virus specific RNA peaked in young HUVECs infection at 1, 220.25 ± 372.83 copies of RNA and decreased gradually in intermediate young to 787.67 ± 410.85 copies of RNA, early senescent to 183.13 ± 92.60 copies of RNA and late senescent HUVECs to 60.50 ± 26.16 copies of RNA, respectively (Table [1](#T1){ref-type="table"}). Aged-dependent decrease in DENV-2 infectivity or replication in HUVECs was observed using ffu and quantitative RT-PCR. These results suggested that clinical isolate of DENV-2 can establish productive infection of young, intermediate young and early senescent HUVECs. This is consistent with most of the earlier reports suggesting possible direct DENV infection of HUVECs [@B8], [@B18], [@B19], [@B31]-[@B35]. The infectivity, however, is very much dependent on cell age, with infection of young cells resulted in the highest number of infectious virus recovered. Low or no infectious virus was recovered from the infection of late senescent HUVECs, suggesting that late senescent cells did not support productive DENV infection. It is noted here that most of the earlier work with infection of ECs did not take into consideration the specific age of cells used for infection.

In a recent study, Krouwer*et al.* [@B22] showed that the presence of senescent cells induces alteration of the non-senescent ECs resulting in increased in cells permeability. Here we examined the possibility of DENV infection itself induced senescence of HUVECs. Initially, the percentage of senescent HUVECs was determined by the SA-β-gal staining. Results from representative experiment suggest that mock- and DENV-2-infected young HUVECs showed 5.77 ± 3.18% \[95% confidence interval (CI) = 4.28-7.26\] and 8.86 ± 2.15% (95% CI = 7.85-9.86) SA-β-gal positive cells, respectively (Fig. [1](#F1){ref-type="fig"}A: top left and right panel; Fig. [1](#F1){ref-type="fig"}C). 13.60 ± 4.31% (95% CI = 11.58-15.61), 49.12 ± 9.53% (95% CI = 44.66-53.58) and 78.25 ± 5.94% (95% CI = 74.00-82.50) SA-β-gal positive cells were observed for the intermediate young, early senescent and late senescent mock-infected HUVECs, respectively (Fig. [1](#F1){ref-type="fig"}A: second, third and bottom left panel; Fig. [1](#F1){ref-type="fig"}C). There were \~2.41 times and \~1.42 times increment in the SA-β-gal positive cells when HUVECs at intermediate young and early senescent were infected with DENV-2, in comparison to the mock-infected control (Fig. [1](#F1){ref-type="fig"}A: second and third panel; Fig. [1](#F1){ref-type="fig"}C). These results suggested that significantly (*p* \< 0.001) increasing number of senescent cells exhibiting SA-β-gal activity were observed in DENV-2-infected HUVECs cell cultures.

The effects of DENV infection on HUVECs senescence were also determined using the flow cytometry for cells arrested at the different cell cycle phases. Results from one representative study shown here, suggest that approximately 67.10 ± 1.58% and 63.11 ± 4.07% of HUVECs mock- and DENV-2-infected, respectively, were at the G0/G1 phase or 2N DNA content stage for infection of young cells (Fig. [1](#F1){ref-type="fig"}B: top left and right panel). Only, 12.55 ± 2.16% and 15.95 ± 7.13% of the young HUVECs mock- and DENV-2-infected, respectively, were at the G2/M phase or 4N DNA content stage. Infection at the intermediate young passage, HUVECs mock- and DENV-2-infected showed 77.49 ± 3.66% and 85.37 ± 0.73% cells, respectively, at the G0/G1 phase with concomitant decrease of the percentage of cells at G2/M phase to background level, 3.09 ± 4.37% and 4.23 ± 0.69%, respectively (Fig. [1](#F1){ref-type="fig"}B: second left and right panel). Approximately 53.68 ± 24.96% of HUVECs at early senescent were arrested in the G2/M phase when cells were infected with DENV-2 (Fig. [1](#F1){ref-type="fig"}B: third right panel). In comparison, only 28.25 ± 17.32% of the mock-infected cell culture was at G2/M phase (Fig. [1](#F1){ref-type="fig"}B: third left panel). Approximately 94.78% of the mock-infected HUVECs were arrested in the G2/M phase with a concomitant reduction of the G0/G1 phase to background level when infection was done at late senescent stage (Fig. [1](#F1){ref-type="fig"}B: bottom left panel). These results suggested that DENV-2-infection of HUVECs resulted in increase in the number of cells arrested at the G2/M phase or 4N DNA content stage. The findings were consistent with the earlier finding that DENV infection increased the number of cells stained positive for SA-β-gal activity, a marker for senescent endothelial cells [@B37].

A recent study showed that senescing ECs disrupted cell-cell junctions and increased the ECs monolayer permeability [@B22]. Here, we utilized the impedance-based RTCA system to monitor HUVECs following DENV infection. Significant changes in cells indices would suggest significant cells proliferation and morphological changes have occurred. Infected HUVECs morphological changes determined by RTCA occurred as early as at 8 hours post-infection. Area under the curve for the mock- and DENV-2-infected young HUVECs was 185.03 ± 24.28 and 206.00 ± 10.38, respectively (Fig. [2](#F2){ref-type="fig"}A; Table [2](#T2){ref-type="table"}). The area under the curve was 286.80 ± 9.68 for the intermediate young DENV-2-infected HUVECs, in comparison to the mock-infected which was 199.37 ± 28.56 (Fig. [2](#F2){ref-type="fig"}B; Table [2](#T2){ref-type="table"}). Whereas, the area under the curve for DENV-2-infected early senescent HUVECs was 257.35 ± 149.83, in comparison to the mock-infected with 230.42 ± 149.64 (Fig. [2](#F2){ref-type="fig"}C; Table [2](#T2){ref-type="table"}). Normalized area under the curve for intermediate young HUVECs (area under the curve for DENV-2-infected minus area under the curve for mock-infected) was 87.43, in comparison to 20.97 for young and 26.93 for early senescent HUVECs (Table [2](#T2){ref-type="table"}). The normalized cell index increased with increasing cell passage number (Fig. [2](#F2){ref-type="fig"}), suggesting cell morphological changes including cell enlargement occurred for intermediate young HUVECs infected with DENV-2 (Fig. [2](#F2){ref-type="fig"}B). Late senescent cells were not used in this part of the study as these cells were no longer responsive to further stimulation or infection. For infection of the intermediate young HUVECs, the changes coincided with the point during which over 85% of the infected cells were in the G0/G1 phase, suggesting that the morphologic changes is associated with the cell cycle stage (Fig. [1](#F1){ref-type="fig"}B: second right panel).

Earlier studies have shown that DENV infection of HUVECs stimulated the expression of stress-, defense-, wound-, inflammation- and signaling-related genes whilst down-regulating those associated with membrane-, cytoskeleton- and vascular endothelial cadherin-related genes [@B12], [@B18], [@B31], [@B35]. Upregulation and downregulation of these genes are thought to concertedly contribute to the ECs morphologic changes leading to increased permeability of the endothelium. Here, we showed using the sensitive RTCA method that HUVECs morphological changes occurred following infection with DENV and these changes correlated with the induction of HUVECs senescence.

Conclusions
===========

Herein, we propose that dengue virus infection induces ECs to undergo senescent state. Since DENV could not establish productive infection in senescent cells, we suggest that the induction of senescence could be the HUVECs defense mechanism against the virus insult. Though an earlier study has shown that senescing cells induced ECs permeability [@B22], suggesting possible role of dengue virus-induced senescing cells in induction of vascular endothelial leakage, further studies will be needed to verify this possibility.
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![SA-β-gal staining and cell cycle population distribution of mock- and DENV-2-infected HUVECs at each passage number. (A) SA-β-gal positive cells which stained as blue-turquoise precipitate in cells. (B) DNA content in 15, 000 cells at the different phase during doublings. The relative percentages of cells in G0/G1, S and G2/M population of the cell cycle were estimated from the propidium iodide (PI) histograms. (C) The percentage of the SA-β-gal positive cells. The data shown are mean ± S.D. from two independent experiments with \'\*\', *p* \< 0.001 represent significance difference.](ijmsv11p0538g001){#F1}

![Dynamic assessment of HUVECs proliferation and morphological changes of both mock- and DENV-2-infected at each passage number. Growth kinetics of (A) young, (B) intermediate young and (C) early senescent HUVECs which captures proliferation, morphological changes and induction of apoptosis events was measured. The data for cell index was expressed as mean ± S.D. from two independent experiments.](ijmsv11p0538g002){#F2}

###### 

**DENV-2 infection of each passage of HUVECs.**Titer of DENV-2 and genomic virus load expressed as median (25% and 75% quartile) from four independent experiments and mean ± S.D. from two independent experiments, respectively.

  HUVECs               Virus titer count (ffu ml^-1^)   Virus load (copies of RNA)
  -------------------- -------------------------------- ----------------------------
  Young                550.00 (450.00, 850.00) \*       1, 220.25 ± 372.83
  Intermediate young   250.00 (150.00, 600.00) \*       787.67 ± 410.85
  Early senescent      35.00 (10.00, 77.50) \*          183.13 ± 92.60 \*
  Late senescent       0.00 ± 0.00 \*                   60.50 ± 26.16 \*

\'\*\' showed significance difference in comparison to young HUVECs value: *p* \< 0.05.

###### 

Real-time growth kinetic analysis of both mock- and DENV-2-infected HUVECs at each passage number. Data are expressed as mean ± S.D. from two independent experiments.

  HUVECs               Area Under the Curve   ^♦^Normalised Area Under the Curve   
  -------------------- ---------------------- ------------------------------------ -------
  Young                185.03 ± 24.28         206.00 ± 10.38                       20.97
  Intermediate young   199.37 ± 28.56         286.80 ± 9.68                        87.43
  Early senescent      230.42 ± 149.64        257.35 ± 149.83                      26.93

The larger the area under the curve, suggest larger cell morphology changes.

♦Normalised area under the curve is area under the curve for DENV-2-infected minus area under the curve for mock-infected.
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